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CHAPTER I
PROBLEM

The problem taken for investigation was discovered
when a cryostat needed for use in polarography in liquid
ammonia (the original problem) was found broken.

For

experience it was decided to turn to another form of nonaqueous polarography while the parts were on order.
Materials remaining from a previous diamine investigation
by Foss (21) were found in the laboratory.

After reading

the dissertation in which they had been used, it was decided
to reproduce some of the results that had been previously
obtained.

Following preparation of the chemicals and

several polarographic runs, a previously unreported wave
was persistently observed.

Further perusal of the dis-

sertation found no such wave reported and only one other
similar wave had been noted by Robert Burrus (12), as was
revealed in a thorough search of the literature.

It was

the study of this new wave that was taken for the problem
to be investigated.

2
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CHAPTER

II

!N'l'RODUCTION
A brief survey of the historical background followed
by a. statement of the theory that was gained from it, will

constitute the first section of this presentation.

This

will be followed by reference to the literature concerning
anhydrous diamine polarography• the elimination of the
mercury wave, and the action of water upon the wave at
various concentrations of mercury.
I.

HISTORICAL

D~VELOPMENT

.'J?he polarograph was invented by Jarolav Heyrovsky in

1923, at Prague, Czechoslovakia (29).

Since that time

literature on the subject has been pouring forth at the
tremendous rate of some fifteen hundred papE!lrs per year.
Only one other subject has exceeded it in popularity at
the present time, this being gas chromatography.

Since

its initial invention, the controlled potential polar...
ograph has been modified into new types of instrumE;lnts
such as the oscillographic and alternating current (A.c.)
polarograph$.

With these instruments. many different

fields of analytical chemistry have been.: studied, such as
deriative analysis, nonaqueous solutions analysis, and a
few kinetic studies.
The first big break through for polarographic studies
was the development of the Ilkovic equation (29).

!

I
g

'

=

Where
is the average current in microamperes during tbe
life of the drop (diffusion current)
n

is the number of faradays of electricity required
per mole of the electrode reaction

D

is the diffusion coefficient of the re~ucibl! 1 or
oxidizable substance in the units, em.
sec

c

is its bulk concentration in millimoles per liter

m

is the rate of flow of mercury from the-~ropping,
capillary expressed in units of mg. sec

t

is the time interval between drops

This equation is for the mean drop life.

If one is to

use the (irop maximum, the equation is rewritten as follows:

id
Cm02!Jtt"'

=

706n

D~

The left hand term is commonly called the diffusion
coefficient of .. diffusion current constant•"

The diffu-

sion current can be thought of as working in the following
manner.

When the current is applied at the dropping mercury

electrode, this causes an electro-reduction and therefore
a depletion of the electroactive species in the neighbor•
hood of the dropping mercury electrode.

When the deple-

tion occurs there is a migration of the electromotive
species toward the depleted zone.

When the cell is totally

depleted, the diffusion current will remain unchanged with
further changes of potential.

The use of polarography is dependent upon the relationtShip of id and

c.

When one is determining id' the fol ...

lowing procedure is used:

1.

the. supporting electrolyte.

Run a polarogram with only
2.

Add a reducible species

to the cell and calculate the current increase.

An alter-

native for measuring id is by the measurement of the height
of the plateau.

first method.,

This is subject to greater error than the

If the electro-chemical reduction is thermo-

dynamically reversible, a plot of diffusion current versus
concentration will yield a stra:l.9ht line with a slope of
id/C.
The most interesting equation for the investigator not
doing analytical work is that for the half•wave potential.
From this, most of the theoretical research is done.

~

(Half-wave potential) is the potential at the dropping ·
mercury electrode when the wave reaches half of its max- ·
imum height.

The half•wave potential for an individual

species theoretically does not change, but sometimes tl;lere
.is an increase in half-w'ive potential with an increas.e in
concentration of the reducible species.

The derivation of

this equation is as follows from the Nernst equation in the
form:
a

E~

_ .......,R~'l'__

nF

ln

is the standard potential of the half' reaction
at the dropping mercury electrode

$
coulorn~s)

R

is the gas constant (8l3l43 volt

'F

is the

n

·is the number of

F

is the elec:.rtric:al equivalent (96;487 coulombs)

c

a

t~mperature

in absolute

E!!lee~.i,¢al

d~grees

equivalents

is the concent:r:at;.on of the reducible $pecies
in the amalgam

cs is the

concent~ation

reducible species

of the dissolved electro-

is the activity coefficient of the electroreducible spec;tes in solution
fa

aHg

is the activity coeffieient of' the electroreducible specie$ in the amalgam

is the acti.vity o:f the mercury in the amalgam

'lihe value for a.Hg, may be considered unity for pure mercury,
or for very dilute amalgams, such as most commonly occur in
polarography.

The current :ts proportional to the difference in con....
centration of the red.uoibl.e $peeies in solution at the
point
in

or

contact of the merc:ut'y elect:r:ode and the species

solution~

This may be written in the following manner:
i·. • k:s (c•· s ,...c s >

At the potential corresponding to the diffusion current,
the metallicions are reduced as fast as they reach the

surface o:f the mercury d.t:'OP•

This implies that if Cs is

instantaneously redueed 7 C8 approaches zero; thereforEH
\1 ~ kSCS

This is t:.he greatest possible simplJ. fication of the
Xlkovic equation.

Using. the above information, one can

substd.tute into the original Nernst equation and solve the

following equation:
-

E

d.m.e.

-

RT
nF

...

ln

=

at the half-wave potential where i

-nF

RT

ln

.i
·i d

-I

id/2, the last term

becomes zero so that

=

RT

-nF

ln

substituting into the first substituted Nernstequation,
one gets:
ln

RT

nF

I ·

i

d

I "

The significance of this equation is that one can plot
the half-wave potential against the log of concentration of

the ion and if a straight line is obtained• the system is
electrochemically reversible.
it is reversible, equals

The slope of.the line, if

2.303RT

n

for the temperature of 25 degrees

or

c.

o.059l ,·the latter

n

These slope equations

are valid only if the resistance of the cell is known and
the drop maximum is \lsed in obtaining i ·and id.

The reason

for using these measurements is that it is extremely difficult to measure resistance through an average life

of

the

drop• but it is reasonably easy to measure its maximum
value.
Schaap

A survey of this type of measurement was made by
(45)

.in 1960.

In this survey an equation was devel-

oped to predict the effect of ion pair formation on the
half-wave potential in nonaqueous diamine solvents.

After

;

7
careful consideration, it was decided to avoid the need for
tbis equa.tion by using standard quanti ties of electrolyte
through the entire investigation.
II.

POLAROGRAPHY IN ANHYDROUS AMINE SYSTEMS

The first report of anhydrous diamine use in polarography was made
1955.

by

Schaap, Mesr:mert and Schmidt' (46) in

This first study was of several metal ions, using

only two electrodes.

Since that time, much research has

been done on the stability of ions and complex ion formations in the diamine systems.

Several articles during

recent.yearst have reviewed advances in nonaqueous polarography, ( 44) ( 24} •

The next significant papers published

were by Gutman and Schober, who wrote two articles (25)
{26) concernong investigations in anhydrous 1,2-ethanediamine, describing the half-wave potentials of fifteen
metals using a calomel reference electrode.

In ·this same

series of papers, there are described and compared ten
different supporting electrolytes in 1,2-ethanediamine.
In 1958 R. E. Bayer (5) developed a new reference electrode using a zinc amalgam in 1,2-ethanediamine, and
studied cadmium cyanide complexes.

The complex formation

studies were further developed by J. R. Siefker (51) who
determined several formation constants and measured some
new half-wave potentials.

8

III. PROPERTIES OF THE ALIPHATIC DIAM:tNES

There have bean few physical constants determined

for the aliphatic diamines other than 1,2-ethanediamine.
These physical property.determinations were largely a
result of the work by Schaap (45).
data taken ;from Fos.s
IV •

Table I presents

(21)~

MEASUREMENT 01" WATER IN DIAMINES

Measurement of water content is one of the main
problems in working in nonaqueous media.

There is no

absolute way for determining water content.

The old

standby, the Karl Fischer reagent, does not work beaause

of the acetic acid dissolved in methanol which has to be
used to neutralize the diamine.

The reaction of this with

the amine produces water to an extent which is not known
while titrating the l!'eagent.

Another serious problem is

that of keeping the sample to be titrated in an inert
atmosphere,.
Another attempt to determine the amount of water in
the

t;~olvent

was undertaken by specific conductance.

Since

the specific conductance of ethylenediamine was first
reported, increasing values for it have been steadily
reported until the best value now is twenty times greater
than the first. one reported.

During all these specific:

conductance studies. the reproducibility has been poor
and the addition of water has had no particular effect

'!'ABLE I
A COMPARIS.ON OF THE PROPERTIES OF SEVERAL ALIPHATIC DIAMI:NES

Compound

Molecular
Weight

Specific Viscosity
Gravi. ty {centipoi.ses)
D

1.~2~ethane-

Bolling 0
Point (C }

2H

t76o

pK*a

H

mm.)

60.1.0

0.895

. 1.54

11.6.• 2

7.00

10,.,()9

74,.13

0.872

1.46

119.3

7.00

9 .. 87

74,.1.3

0,.884

1.80

1.35.6

8.64

10... 62

85.15

0 .. 817

1.915

159.0

9 •.35

10.. 80

diamine

1.,2-propanediamine

1.,3-propanediandne
l. ,.4-butane-

d±amine

• Determined in aqueous solution at

zo.oc
\

...__

m

•-···

·-""

'·'"

'""'"'~"""·~ ... --·~··· "'""""' '"'··~'"'·"""'=o.c .... ,"•··"' ....mo .. =o-.~=•···-"'··-4

...•... , ····~

....., '"' ·•

'""'"·

"·"·"-~'~~-\a

w

......

.,.......,

-

o •.•a....,...,.

.'\0

"""~=-------------------

,lO

on the specific conductance.

Table II shows the effects of

addition of water on conductance as reported by Foss (21).
~he

most dependable method of determining water in the solu-

tion is through the shift that is caused by water contamination in E1.a of the mercury wave.

'.rhe potential is shifted

to a more negative voltage as a result of added water.

V.

POLAROGRAPHIC SOLVENT COMPARISON

The most up-to-date publication on nonaqueous solvent
comparisons by Coetzee. McGuire, and Medriek (14) emphasizes four factors governing solvent characteristics othe.r:
than the liquid junction potential.

of

difference is free energy
2.

They aret

l.

solvation in the two solvents;

The degree of complex formation of the metal with the

supporting electrolyte;
volving the metal ion;

3.
4.

The ion pair formaticm in•
The activity coefficients of

the substances that a:te involved in the complexing.

this work the effects of these four factors wece
ible.

The

Iri

neglig~

The reason none of them was significant, was that

the solvents were similar and the supportin9 electrolyte
was the same.
VI.

STABILITY CONSTANTS OF METAL-DIAMINE COMPLEXES

The theory of these stability constants can be found
in any one of the following authors• texts:
Meit.es (36) 1 Kolthoff and Lingane (31).

Delahay {16),·

Since the 1941

application of this theory an increasin9 amount of work

I
i
I
F.

'

ll
TABLE

II

SJ?EC!FIC CONDUCr.t'ANCE OF PURIFIED SOLVENTS
BEFORE AND .AF'rER ADDITION OF WATER

specl:e'Iccori.duetances·
(mho/cmx 107 )

Solvent
Pure

0~05 ml.
water• '

0.10 ml.
water•

o.l5 ml.
water•

0.20 ml.
water•

1,2-ethanediamine

7.0

a.9

11.0

14.0

16•0

1,2-propanediamine

1.6

2.0

3.0

..........

1!3-propane-..
damine

1.6

2.1

...........

3.1

;

...~

.......

3.8

The water was added with a microliter syringe to

an original volume of 11.5 ml.

For 0.10 ml. added, this

corresponded to about l% water.

The values for 1,2-pro•

panediamine have less significant figures than have.the
other values due to the uncertainty of volume.

'12

has been done with it.

In 1955 Schaap, Messne.r, and Schmidt

(46)reported a linear relationship between the change in
half-wave potentials of many metal ions when shifted from
water· to a diamine solvent.

Further studies of this phe;...

ri6menon have been hindered by lack of known stability aonstants of the metal ions with the diamines in question.
As one can see from the following derivation for the sta-

bility constant as related to the half-wave.potential, the
equations that are the starting point can be thermodynamically justified and are:
LlG

By

equating the two

A G

=

RT

ln K and

AG

•

... nFE

one can obtain the following equa-

tion:

=

RT

~

ln

Kl

1<'2

If the linear relationship of the solvent substitution is

valid as stated by Schaap, Messner, and Schmidt (46) 1 the
change in

n: 1 is proportional to the change in E"a; there-

fore by substituting a new constant E1 , the equation takes
the following form which relates half-wave potential to
the stability constant:
E~

l

where Knl is the reoipocal of k 1 •

1.3
CHAPTER

III

BEHAVIOR OF MEiRCURY IN ALKYLANEOI.AMINES

As noted in the statement of the problem, a consist:ent reproducible wave was obtained with a half-wave potential of

-0.1 to

... o.3 volts in alk:ylanediamine solvents

with t-butylammoniumiodide as the supporting electrolyte,
Figure I.

It was first thought to arise from a contam-

inant in the solvent.

The wave had a very distinct max ....

imum which could not be eliminated by any of the suppressi!'lg agents usually used in non-aqueous polarography.

!t was found, however, that this maximum was destroyed
and the wave height was slightly'depressed by the addi-

tion

of

water.

After eliminating the possibility.of

solvent contamination; it was thought that the supporting electrolyte might be responsible for this wave. After ·
S\lbstituting three different supporting electrolytesfx:oin
two commercial sources, it was concluded that the
trolytes were not responsible for the wave.
ence cell was next suspected.

ele~~

The refer-

It was thought that the

mercury in the reference half of the cell might be diffusing through the sintered glass divider into the sample
cell.

This was tested by using a different reference

c~ll.

The selected cell, prepared by Foss (21), used

zinc amalgam to replace the mercury diarnine reference
electrode.

The only difference noted was a slight

...

·~

shift in the half ....wave potential which was attributed to
the difference in the reference

Again the addi-

cells~

tion of water depressed the maximv.m and the wave.

The

only system component that had not been checked WtiS the

mercury for the pools and dropping electrodEh

Until this

time the mercury had been re-used, washed with nitl':'iC!
acid and filtered through a pin-hole, then dried with
ethanol.

Fresh triply distilled mercury was used as a

replacement for this reclaimed metal.

rrhis change had

no observable effect on the polarograms.
It was then thought that the mercury might be going
into solution.

To verify this, two things were done,

First, mercury II perchlorate was added to the cellJ
This resu.l ted in two effeets, first a shift in the half·
wave potential by

-.os

volts (a one electron wave>, and

second a reduction of the maximum.

The latter was attri•

buted to the presence of water in the hydrated
II. perchlorate.

me~cury

A second sample c'ell was construetf)d and

hydrated mercury I perchlorate was added.

The same effect

was observed for mercury (I) as. for merc"Ury (II).
To confirm the idea that mercury dissolution was the
source of the new wave, a series of spot testa was run
on the solvents as outlined by Feigl (20). The proee-

dure is as follows:

to a fifty percent solution of water

and diamine, add two drops of one percent potassium ferrocyanide; then add several drops of 2N alcoholic ammonium

16
hydroxide.

Mix and ac.ld a one percent solution of

ridyl, and heat.
mercury.

I

~o<.dipy-

A pink color indicates the presence of

Sensitivity is good to 3 J.....

The first run indicated that the diamine could not
be used at full strength but had to be diluted with an
equal volume of water in the test.

Three different spot

tests were run, one with a sample containing only diamine
and mercury. the other two samples contained supporting
electrolyte, mercury, and diamine.

All three solutions

showed a positive test for mercury.
It was concluded there was spontaneous oxidation of
mercury by the solvent or some component of the solvent.
Thus it was assumed that the nitrogen being used to replace
the oxygen in solution was not replacing all the oxygen or
else itself contained impurities.

Attempts were made to

obtain a higher nitrogen pUrity by pumping commercial
oil-pumped grade nitrogen through three solutions.

The

first removed any trace of oxygen, the. second picked up
any carbon dioxide, and the final one removed any acid or
base.

The purified nitrogen was then run through thirty

centimeters of hot, activated alumina.

The water collected

by the nitrogen during these three cleaning operations
very quickly loaded the column at the flow rate of one half
liter per minute.

The cleaned nitrogen had little effect

on a freshly prepared sample cell.

After five hours a

depression could be observed by the use of nitrogen.

The

17

depression was slight• however, and corresponded to a
decrease in diffusion current equal to three microamperes.
The depression was probably due to absorption of a minute
amount of water from the nitrogen in the sample cell.

The

next purification attempt was to distil the diamine under
a positive pressure of nitrogen, using an activated alumina
eolumn to take the water out of the nitrogen.

After dis-

tillation, the diamine was transferred to the cell and kept
under a positive pressure of dry nitrogen.

Again no change

was observed; the wave persisted•
II.

ORIGIN OF MERCURY IONS IN SOLUTION

In this stage of the experiments, it was supposed tnat
oxygen in the nonaqueous solvent caused the mercury to go
into solution.

A proposed mechanism for

postulated as follows;
Nf/p.. -t O;z. ~

R

R('/ ~0'

II

It

R N H.:l?.! f?.'

th~

reaction was

~ RNH.,.D.

+ 0.

+ /~ ~ P, NHa 0/-11

R Nl{o· +

1~ ~

RNH.,.. _,.

0~

From this mechanism, one of several possibilities, it was
reason~d

that a mild reducing agent might eliminate or

inhibit the mercury from going into solution probably by
removing the
III.

activa~ed

oxygen.

ELIMINATION OF THE MERCURY WAVE

Several suggestions were made as to how to apply a
reducing agent that would not contaminate the solution.

18
Raney nickel seemed to offer the best possibility.

A stock

supply of activated Raney nickel was held in absolute ethanol.

When amines were distilled for purification, the

Raney nickel was added to the receiving flask after enough
diamine had been distilled to cover the quantity of Raney
nickel being added.

The remainder of the diamine was then

distilled into the flask and the flask stoppered.

In this

manner the diamine could be held as long as ten days without discoloration due to amine breakdown.

When this amine

was added to the cell, the Raney nickel stayed in the bottom of the flask and transfer was easily accomplished by
decantation under nitrogen.

Figure 2 is a polarogram run

with the solvent prepared in this wayt showing that the
mercury wave had virtually disappeared.

At this time

the remaining line was thought to be caused by a product
of the reduction.

Several attempts were made to get rid

of this residual curve.
alumina.

One was the addition of activated

This addition did not show on the polarogram nor

did it cause any other effects.

It was thought this curve

might be a result of some contaminant in the solution.

How•

ever, further attempts to purify the solution failed, and
as n.o other possibilities were seen to further reduce this

line, it was used as a base line for the other polarograms.
IV •

POLAROGRAPI-lY

OF MERCURY (II) AND (I )

Using the solvent and the base line previously described•

...

·"\._
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increments of

me~cury

were added to give known amounts

in solution.

the only way to reproduce the exact peak and

maximum was to coordinate the mercury as tris •(1,2 Propanedianie) t-1ercury II PERCHLORATE and to add it in that form.
The difficulties in weighing this compound and getting it
into solution made it more practical to use mercury (II)
perchlorate hexahydrate.

This was easier to handle and

could be weighed accurately.

Again the only difference in

the two waves was in the maxima.

It was assumed that the

hydration water depressed the maximum and shifted the halfwave potential slightly.

The mercury (II) perchlorate was

weighed rapidly on a Mettler balance, and it was then added
to the sample cell, and stirred with purified nitrogen
for ten minutes.

A series of polarograms was run allowing

the added mercury (II) perchlorate to sit for fifteen
minutes with no stirring.

Figure 3 shows the change of half-

wave potential with the addition of mercury (I) and letting
it stand for fifteen minutes as compared with Figure 4 show-

ing the completely stirred mercury.

It is interesting to

note the shift in half-wave potential as a function of concentration.

Upon the addition of mercury (I), the same type

of shift in half-wave appeared as shown in Figure

s.

This

was attributed to an equilibration between mercury (I) and
mercury (II), Muller (40)• Graphing of the diffusion current change versus concentration of mercury, verified that
the reduction involved one electron.
The half-wave potential of a

comple~

metal ion will

-·
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shift due to concentration and activity changes according
to the formula from Kalthoff and Lingane (31).

.. ·
lo9·

E1

1 '

cX f X

=

""'P

0.0591
n

This relationship is important beeause it enables one to
determine the coordination number, p, of the complex metal
ion and thus its formula.

Figure 6 is a log plot of the

concentration versus half-wave potential and the calculations
show that p equals four.
Diffusion currents for the addition of mercury (I)
and mercury (II) showed straight line dependence proportional to the concentration of mercury in solution.

This

enabled one to determine by extrapolation the quantity
of me,rcury going into the solution by spontaneous oxid(fl.tion.
The final check was to link the diffusion current to
the spontaneous oxidation.

Using the thoroughly stirred

so;tutiont calculations showed the concentration of
spontaneous oxidized mercury was 0.0063 moles per liter.
The graphs from the diffusion currents are as follows:
Figure 7 shows the diffusion current of solutions left
standing for fifteen minutes, Figure 8 deals with the
completely stirred solutions of mercury

(II}~

Figure 9

refers to completely stirreq solutions of Mercury (I).
The diffusion current was plotted against the half-wave
potential for the completely stirred solution shown in
Figure 10.

This linear relationship allows use of either
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the half-wave potential or the diffusion current as a measurement for determining the quantity of mercury present in
a diamine solution•
VI.

DETERMINATION OF WATER CONTENT US!NG THE MERCURY WAVE
The addition of a comparatively large quantity of water

suppressed the mercury wave completely•

This wave suppres-

sion occurred with the addition of two percent by volume of
water.

All additions of water were made by microliter

syringe to the cell containing twenty milliliters of diamine.

In Figure 11 one can see the shift in half-wave

potential due to the addition of water.

This calibration

curve goes to a maximum of one percent of water by volume

of solvent.

The diffusion current can also be used as a

measure of the quantity of water in the diamine solution.
The diffusion current rises to a plateau, and levels off
until it reaches the ten percent mark, where change can no
longer be detected either in the diffusion current or in
the half'-w.:,we potential.

The diffusion current curve can

be seen in Figure 12 for less than one

peree~t

water.

For

a comparable curve of up to seven percent water, Figure 13
gives a representation.
While working with water as a ligand, it was decided
to test the et'fect on the mercury of another strong ligand.
The addition of KSCN changed the half-wave potential from
... Q.93 to -1.03 volts, using cadmium for a reference electrode.

KCN was also added to the solution and this showed

.. I ~ . . .r . ~,r 'I u·t ~· -_.;:•.
--=--=~~~- ~

;-_-- _- ~::~~

~-:-=V=:-:~f:_c::~;~--~-= ~:·=:_=:-~::==- :t_:->·:-~

:_:[,----:
l-ll-1-11_1_1--1-11--- - . ·::_:·-· ---- :::_--. ---- - . --

l

_-:_

-

-.

-

---

~~-~--4-1-J.-.~=J-zJ-

:

-------

--_-

___

---!
- -·

-

--

- -

-: ,- _- --- - -~= .. - ·::-

:---- !->

-

-

+: _··- -- - __ - - .---- --.- - .. -- .. - - . - - - - - -----_ - _- ____
+H_H_+_++_1-H_·+H__ _

--

•

---

-

•

-

-

4

-

-

~-- ·_

·_:_

-

-

-

•

•

-

•

-

-

-.-

--

- -

-

-

-

JC
-.

.'ili~

- --r"f

.
Hl-1-1-1-1-1-1-1-1

- -

- - -

-:--

-

-

-

-

.

-

-

---

1-1-l+H+H
--

- ---

---

-

-

-

-

- -

- --

·-

::·:1: ' -

:=.~.}
--

--

--

:·

:t

-1-1-1-1-1-1-H+l
- . - --

-

- - -

-~ ~:·:·~ ::-~::~: ~-;:::~_-:~:: :~_

: : J/;:

i

' !- -- - ,-

--

--

-

-

---

I_--

'r

-·--

-,

- .f -

--

-

--

-

-·1+1-1-H+I-1+1-!
-

+H+I-1-t-1-1-1-

-

-

: =·- 1--

_r::J:l:
__ltt:J:l:.m_: - :

,¢,

_ _

_

-

~:- -

. ·.. ··~··.·

...·.·.

-

-

Hf : . y

J,:S _:~

:

-

- -: -:-

~

•, -

-

- --

-

__

-, - - _;

~J:~~-:

_t__

J.:I::J.:i-1-i:+:J:~:J.:I

- --

-

- }-- --:,_-I=--. ::

-

:-

-

-

·r:

- -

t:

,i : :~

I

1-

-

·-

±

• .. . . .

'

-

*'=h}tt:mx(t_O'R~J llJ -= =F- == .fuH=-1- - =
-- : - :
-

JJ¥1:f:l:Et1:[:1fftEfi~- ttt!tLt!J!{ i. I~ J :1"--: -

±:}

-·-

- -

t ~ --- -- - - -: : -- : : -::; -. ~-

1-1-- _

--

- -·1+1-1+1\-+_1-l

=

~\i)F~iJili'lr*~~'!l.!jN··=··~~tFT.,·ljiiE_~~t,$_:t~~~·~if: -: _-~
•.•..·iff~f~~ }~~~t~W.Yi~ ;~~t~*·~ttE :. .

l

. I!

.I

I
!'
t
tt

!'
I',

34

a half-wave potential of -1 .• 15 volts.

The reason for usin9

cadmium as a reference material was that the mercury changed
concentration with time and therefore would have involved
changing cells.

After using cadmium for a reference wave

in the ligand studies, it was decided to run several
polarograms using cadmium as a reference wave and adding
water.
wave.-

Similar results were obtained as with the mercury
There was a gradual change in half-wave potential

and a sharp decline in diffusion current.

These waves

were reproducible and could be used to determine water
content although the mercury wave showed a much greater
change per volume of water.

At this time addition of amounts of water as water of ·
hydration with other chemicals was attempted to see if the
procedure had valid analytical use.

It was found that a

calibrati.on curve had to be run on each substance to plot
the known value of water in it.

After this had been done,

it was an easy matter to use either the

half~wave

or the

diffusion current to calculate the water content in the
sample.

It was also found that samples added as the

hydrate would not always give up all their water hydration.
For this reason, the process would not be suitable for
analysis of unknown compounds.
Another investigation was on the effects of
the polarographic cell.

ti~e

on

Figure 14 shows the results from

the cells which were stoppered. · It was thought that this
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effect arose from water seeping in from the atmosphere,
and it showed the same sort of half-wave shift as did the
direct addition of water to the cell.

The possibility of

:t:'Unning studies on the absorption of water from a constant
relative humidity atmosphere was considered•

This was not

pursued further because of lack of a good control for
humidity.
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CHAPTER

IV

BEHAVIOR OF ALKANEDIAMINES IN THE PRESENCE OF' RANEY NICKEL
I.

SOLVATION

A side effect of treating the amine with Raney nickel
to eliminate the mercury wave. was a color that appeared
in the diamine after it was held over Raney nickel for

mo~e

I

than three hours.

This color was blue in diamine

ch~ins

that had the amino groups on adjacent carbon atoms.

Schaap

(45) noted a qualitative test for dryness as being the same
blue color that resulted from holding a diamine over sodium.
When this same blue color appeared in the present workt it
was thought that it was a result of dryness or a complex
of nickel.

Experimentation showed that the solvent was

polarographically pure.

Nickel• when ,added, showed a wave

from even a minute content; less than .0001 grams of nickel
in twenty milliliters of solution gave a distinct wave.
With 1,3-propanediamine, the solution had a red color
and similar properties were observed.

At this point it

was thought the color might be due to a break-down impurity.
To check this out gas chromatogram were run on the 1,2propanediamine, which was freshly distilled, and a sample
of the diarnine \.rhich had been held, over Raney nickel.

The

only difference found in the two was that the freshly dis•
tilled_sample showed a flatter peak than did the one held
~-

·· ...
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over Raney nickel.

This indicated only that there might

be two components present in the fresh sample.

It did rule

out the possibility that the color was due to a decomposition product.

It was .then decided to try l, 4-butanediamine

to see what it showed.

The result was a green solution.

II.

SPECTRA

Both the l 1 '2-propanediamlne and the ethaneciiamine had
an absorption with the bottom of the peak at 338 to 340 mu.
These peaks 'lt.rere located with the use of a Bausch and Lomb
Spectronic 505 SpectrophotometeF and showed breadth of
twenty millimicrons.

The experimental difficulties

encountered in running these spectra were Considerable.

'rhe

hydrophillic diamines absorbed water from the air and the
resultant vapor fogged the outside of the cuvet.

r.rhis

difficulty was eventually eliminated by sealing the cuvets
with General Electric silicate stopcock grease and plastic
paraffin sheet put over this and held with a small rubber
band.

Even with these precautions, it was necessary to

stop to clean the cuvets in the middle of some runs.

If

the cleaning was not done, a noticeable drift in the spectrum base line was obtained.
The 1;3-propanediamine had an absorption maximum at

523 millimicrons and the 1,4-butylenediamine had a:n absorption at 768 millimicrons.

Figure 15 is a plot of chain

length of carbon atoms separating the amino groups.

At

40•.

thi.s time only four diamine$ were available to ehec;:k for

wavelengths observed in th.is phenom«:tnon,

CHAPTER

V

EXPERIMENTAL EQUIPMENT AND MATERIALS

The following is a general description of the procedure chemical and instrumental that was used.

The pro-

cedure for purification of compounds is also included in
this section .•
I..

THE POLAROGRAPH

The instrument that was primarily used in this

inv~s

tigation was a Type E Leeds and NoJ;:"thrup Electrochemo•
graph.

This instrument is a favorite because of its sta-

bility and ruggedness t-1ei tes ( 35).

The recorder part of the

polarograph has a sensitive mechanism.

In the undamped

position the pen response is one second for a full-scale
deflection.

The operation of this recorde.r: is :ba$ed on

the null-balance principle.

The null balance system e.lim-

±nates any error due to the variations in amplifier gain.
With a drop time of three seconds or more, this recorder
can show the true current of the drop over its entire
life.

Because of the recorder's extremely rapid rate of

response, there is a damping device that will act as a
chopper unit for the amount of current that is derived
from each drop.

Whenever possible• it is best to use

the recorder undampened because of the recorder lag caused
hy damping1'i
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II.

OPERATIONAL AMPLIFIER

When working with nonaqueous solutions and IR drop
correction is required to account for the high resistance
of the cell ( 10 q ohms on occasions).

'!'he manual way of

correcting this is to use the maximum on the drop current.
This maximum is cut down by damping and will cause a slight
error.

To eliminate this, an operational

n. c.

amplifier,

which detects potential differences between the mercury
pool, working electrode and the reference electrode, continually compensates for the resistance by inverting the
difference and adding it to the normal registered value.
This yields the actual potential at the dropping mercury
electrode.

When using this type of amplifier system, it

is mandatory to employ the three electrode type of polarography.

This type of amplifier ranges in complexity from

the simplest shown in Figure 16, to the most complex on
Figure 17, which is the Heathkit Model Emv-19A operational
amplifier used in this investigation.

These amplifiers

are now supplied as part of the polarograph rather than as
separate units"'

The stability of this amplifier was ques-

tioned, so a recorder was connected to the amplifier and the
amount of drift recorded; it was negligible.

During oper-

ation, the balance of the amplifier was continually checked
by an Eico Vacuum tube voltmeter.

After an initial warm-up

period of a half hour, it was seldom necessary to adjust
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the

amplifier~

III.

ELEC'rRODESt CAPILLARY, AND CELL

The dropping mercury electrode was a reservoir that
could be adjusted to obtain the drop time desired,.

It was

connected to a vertical glass tube on which the height of
the mercury column could be measured.

A glass tee at the

column end connected the capillary and reservoir.

The

capillary was obtained from E. H. Sargent and Company; and
was used in about two inch lengths.

Capillary care was very

important as they easily became plugged.

When stopping the

flow of mercury): the capillary had to be pulled out of the
cell and dried.

The capillary constant for the Ilkovic

equation was found to be m• 0.00238 milligrams per second

and t

= 10.

seconds in lt2propanediamine with a suppor•

ting electrolyte of tetraethylammonium perchlorate.

'!'he

reference and working electrodes were the conventional type

of platinum wire sealed in· the end of a glass tube extending int.o the mercury pool.,

The cell was of the same design

as that of Foss (21) with the reference and sample cell
separable so that new reference cells could be used with
the same cell.

Figure 18 is a drawing of such an assembly

with the electrodes in place.

A

mark was scribed on the

cell to measure a constant amount of mercury and solvent.
The marks were spaced twenty milliliters on the reference
and sample cells.

46

FIGURE 18

CELL DESIGN
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IV.,

SOLVf!:NT PURilt"'ICATION

The solvent purification as stated in this research
was outlined by Foss

(21)~

This procedure was as follows:

The diamine was distilled using pyrex ground glass ware
and was kept under a positive pressure of nitrogen.

The

middle :fraction of this diamine was taken to correspond
to plus or minus one degree of the final fraction shown
in Table III.

The first fraction was re-distilled over

sodium and kept under a positive pressure of nitrogen;
it was stored in this way until ready for use, and then
it was added to the cell and nitrogen was pumped through
the diamine.

pur~

As research proceeded, this method of

ification pr·oved inadequate for oxygen removal.

The

removal of the remaining oxygen was accomplished by the use
of Raney nickel, a mild reducing agent.

Thus, all solvents

were stored over Raney nickel.

V.

NITROGEN PURIFICATION

The nitrogen used to deaerate the samples was the oil
pumped grade obtained from Air Reduction Company.

It was

passed through a solution of copper and ammonia to remove
any traces of oxygen, and then into a solution of sodium
hydroxide to remove any traces of carbon dioxide.,
remove the water vapor, two expedients were tried.

To
The first

was a large tube of calcium chloride in the line which took
out most of the water, but which still permitted a small
amount to go through.

The second treatment used activated

48
'l'ABJ:,E III

INFORMATION REGARDING PURIF!CA'l'ION OF SOLVENTS

Solvent

starting
material

Boiling
point
(760 mm. >

cort"ected
boiling
point of
fraction
ust!d ( °C)

JL,2-ethane...
d;l.ami.ne

Matheson,
Coleman &
Bell
(9S-l00%l

1 t 2-propane.::. Eastman
diamine
Organic
Chemicals
(Practical)

116.2

117-117.5

119.3

118-ll!hO

1,3-Pl:'opan$diamine

Eastman
Organic
Chemicals
(Practical)

135-136

135-137.0

1,4;.;..butanediamine

K& K Labs.

158-160

158-160

(Practical)

.. ~

''
'

alumina.
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This proved a poorer water block than the mater-

ial previously used.

'

After these attempts it was decided

to use just the oil pumped nitrogen with a calcium chloride
tube for drying.
VI.

CHEMICALS

The commercial chemicals were the best grade available; most were analyzed reagents.
ally triply distilled.

The mercury was origin-

After use, it was pin-hole filtered

several times into a reducing solution, then it was dried
with ether.

For the sensitive and final runs, fresh

triply distilled mereury from Van Waters and Rogers Company
was used.
Coo.rdina ting of the metal ions was done to obtain a
completely anhydrous· solution in the later phases of
research•

This procedure was outlined by Foss (21). An

excess of the solvent used was added to the hydrated perchlorate salt and kept cool during the reaction, as the
heq.t of reaction causes spattering.

After the solution

was cooled, the supernatant liquid was poured off, and
the metal diamine complex was rinsed with more of the
solvent.

It was then held in the solvent until used11o

A preparation method for tetrabutylammonium per-

chlorate as a supporting electrolyte was outlined by Foss
( 21 )',

Tetrabutylammonium iodide was dissolved in a mini ....

mum amount of hot water.

It was then cooled and a twenty

perc.ent excess of seventy percent perc:hloric acid was

,50

slowly added ,.rhile stirring.

The white precipitate was then

cooled, filtered; and recrystallized from \<Tater,

The recrys•

tallization process was repeated until the water was found
by the

'USe

of silver nitrate, to be free from iodine.

A preparation of Tris-Cl,2•propanediamine) mercury II
perchlorate as outlined by Foss (21) was used.

The anhy-

drous solvent was added to the hydrated mercury perchlorate.
This mixture was allowed to stand until a crystalline layer
had been formed at the bottom of the reaction flask.

After

cooling the reaction flask in ice water, the supernatant
liquid was decanted and the crystals were washed with
absolute ethanol, filtered, and dried.

The melting point

that Foss (21) lists was 160-l: the melting point that was
obtained in this preparation was 168-70.

The preparation

was repeated several times to check for a different reaction product.

The alternate procedure outlined by Foss

(21) was tried with the product yielding the same melting
point.
Activation of Raney nickel: The Raney nickel was soaked
over

~ight

in a saturated solution of potassium hydrox-

ide and in the morning after the solution quit bubbling,
it was rinsed several times with distilled water.

The

rinsing was discontinued when the solution showed neutral
to indicator paper.

The nickel was then filtered and washed

with absolute ethanol, and after two rinses the filtered
nickel was stored in ethanol.

VII..

GENERAL PROCEDURES

The procedures repeated many times during the aourse
of this research are here outlined,

These include such

operations as preparation of samples, making of the polarogram, and measurement of the capillary characteristics.
Preparation of Samples:

In preparing the supporting

electrolyte 100 ml. of the diamine was used and then the
appropriate amount of supporting electrolyte was weighed
on the Mettler balance and added to the solution.

After

the supporting electrolyte had dissolved, the nickel and
alumina. were added.

The nickel cleaned out the oxygen and

converted it to water.

The alumina picked up the water

giving a polarographically clean solution.
The coordination compounds of the metals were in a
moist form and a calibration check was run on the amount
added against a weighed sample of the same metal ion added
as a perchlorate.

'£he bubbling of nitrogen through the

cell was the most efficient and the easiest way to

stir these samples into solution.
Preparation of the Reference Electrode:

The reference

electrode used continuously through these experiments was
recommended by Foss (21) for its stability and reproductibility.

It is represented as follows:

••

!'

:•
••'

Hg

If

1,2-propanediamine
mercury I I ion
(5 X l0- 4 )
NaCI0 4

""
""
",,"
ff

fl

ft

"u

t

As was stated by Foss (21), this reference electrode

showed the following disadvantages:

1~

The concentration

equilibrium in ·the cell had to come to rest before an even
polarographic trace could be obtainedJ .2.

The measured

half-wave potentials for several given metal ions varied
over a range of about 0.012 volts;

3.

The continued use

of a given sample solution was not possible because the
mercury

(!Il)

ion formed at the mercury pool anode was sub-

sequently reduced at the dropping mercury cathode which
then

pr.oduc~d

unusually large residual currents;

4.

The

concentration of the mercury (II) ion in the reference
cell was a function of a half-wave potential.

The following

comments result from statements in note 2. and 3.

After

considerable experimentation, a lag in the polarizer was,
noted, caused by backlash, and it accounted for .02 volts of
·~"gift'ation. On note 3., it was found by this investigator t1iai:·s.;;;

the large residual current was due to oxygen going into
solution and thus caused the mercury to go into solution.

Experimental procedure:
describe a typical "run."

~he

53
following paragraph will

The three individual components

of the polarograph, operational amplifier, and the voltmeter were turned on and warmed up for a half hour to
obtain voltage stabilities.

2..

The operational amplifiers

were balanced to get zero reading for a one to ten gain,.
3.

After balancing the amplifier, the sample cell was

freshly prepared to avoid any trace of oxygen.

4.

The

mercury reservoir was positioned so the drop time would
be 10.0 drops for a twenty second interval.

5.

The polar-

izer was set to zero and the recorder pen activated.
6.

The polarogram was torn off and labeled.
Measurement of the half-wave potential:

On the fol-

lowing page, Figure 19 is an example of the graphical determination of the half-wave potential.

The two lines cor-

responding to the diffusion current are drawn before and
after the wave has been observed.

Lines perpendicular

to the diffusion current, are then drawn at the beginning
and end of the wave.

Thirdly, two lines are drawn connec-

ting the four corners of the rectangle, and the point where
the two lines intersect corresponds to the half-wave potential in volts.

There is no I-R correction because of

the use of the operational amplifier.
Measurement of diffusion current:

The distance

between the two lines at the peak and the foot of the wave,
corresponds to the diffusion current.

See Figure 19.
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CHAPTER VI
CONCLUSIONS

The mercury in the pool and the dropping mercury electrode in the presence of oxygen in the diamine solvents, lead
to dissolution of a small quantity of the mercury.

This

mercury caused a wave that had not been observed before.
Probably the observance of this wave was attributable to
the use of an operational amplifier.

If the correction for

the IR drop in the cell had been done manually, this wave
would have been included as part of the correction.

The

elimination of this wave was accomplished by the use of
a mild reducing agent, Raney nickel, which gave a polar•
ographically clean solution•

The addition of mercury to

the solution restored the wave and a curve was run to
determine the quantity of mercury going into solution by
the original spontaneous oxidation.

From the mercury

wave, amounts of water added to the cell could be computed
by means of both the diffusion current and the half-wave
potential.

The wave has a possible application in

analytical chemistry for the determination of water in a
known substance.

It will not work for unknown hydrated

compounds because a calibration curve must be run.
Probably the most interesting result of this research
was the discovery of coloration of diamine solutions after
standing over Raney nickel.
for investigation.

This holds many possibilities

Some of these investigations are already
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underway. but lack of equipment has been a hampering factor.
It is believed this investigation would be a further challenging problem and this investigator hopes to continue on
this problem of research.
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